Abstract-Unique, self-metallized films were investigated for deployable reflector antenna applications at L-band. Polyamic acid resins or soluble polyimides were doped with metal complexes, cast into films, and thermally cured. Each resulting film had a metallic layer on one side, adhering unfailingly to the polymer. Metallization was successful for silver or palladium in 3,3',4,4'-benzophenonetetracarboxylic acid dianhydride (BTDA) and 4,4'-oxydianiline and for gold in BTDA and 2,2-bis[4-(4-aminophenoxy)phenyl]hexafluoropropane (4-BDAF) or the space durable polyimide, 2,2-bis(3,4-dicarboxyphenyl)-hexafluoropropane dianhydride and 4-BDAF (LaRC-CP lTM). Reflectivity, transmissivity, and emissivity were determined, using an HP 8510 Vector Network Analyzer, to within 0.001 precision and accuracy. A custom-made test fixture/positioner, a thru-reflect-line calibration, and calculated reflection coefficients were used. The Ag film proved most suitable for further study, with 0.9957 reflectivity and 0.0042 emissivity. The Pd films were 0.89 reflective and 0.11 emissive; both Au films tested entirely transmissive.
INTRODUCTION
NASA's Earth and Space Science programs have called for increasingly large, lightweight, deployable antennas for use in space. Antennas must be physically large (more than 10m) in order to achieve the accuracy and resolution required for microwave passive remote sensing of quantities such as ocean salinity and soil moisture. To make launching such large antennas into space feasible, designs that rely on using lightweight, packageable materials for the antenna surface have been proposed. Other candidate materials for lightweight space antennas include thin metallized membranes, which the NASA Langley Research Center (LaRC) has been developing. Antennas made fi-om these materials can be packaged in small volumes for launch into space and then inflated or tensioned on inflatable, rigidizable structures, depending on the antenna geometries. Inflatable antennas can be stowed in a variety of configurations, are lighter than mesh antennas, and retain their shapes better than mesh once inflated. The inflatable reflector concept was demonstrated by the Inflatable Antenna Experiment (IAE) in 1996 [l] ; other configurations for large space antennas using metallized membrane materials have been investigated by Bailey and Campbell [2] . This paper describes work funded by the Gossamer program, in which novel, metallized polymers were synthesized and tested for their reflective and emissive properties at L-band. Because the desired signal for spaceborne radiometric applications consists of thermal noise, the emissivity of the measurement system itself must be very small in order not to overwhelm the quantity being measured. On orbit, a reflector antenna experiences large physical temperature variations, which, multiplied by its emissivity, add to the instrument AT (radiometric temperature) error. Science requirements that demand extreme accuracy and resolution of the thermal noise allow very small budgets for the AT of the radiometer; this in turn mandates the use of a reflector antenna having low emissivity. For a representative soil moisture mission using a reflector antenna on low earth orbit, for example, the emissivity requirement for the reflector has been stated as less than 0.003 131.
Background
Lightweight Antenna Material Investigations at LaRC-NASA LaRC began characterizing the emissivities of materials used for large, lightweight spaceborne antennas in the early 1980's. At that time LaRC and the U.S. Naval Research Laboratory collaborated to characterize metal mesh materials for use in the Low-Frequency Microwave Radiometer (LFMR), which was proposed for the Navy Remote Ocean Sensing System (NROSS) mission (later cancelled) [4] .
In the 1990's, LaRC continued and expanded this work by undertaking a measurement program to evaluate the suitability of metallized thin membrane materials for space-based earth remote sensing applications in support of the IAE [l] . In that study, various metal coatings were applied to a thin membrane substrate to study the effects of metal thickness, coating technique, and metal type on the emissivities of the samples. More recently, a tensioned, metallized membrane waveguide array antenna has been developed for which the material emissivity is a very important factor. In addition, new materials such as the ones described in this paper are being developed and characterized to determine their suitability for earth remote sensing antenna applications.
Previous Chemical Techniques-Conventional techniques for the production of metallized polymers have been multistep processes. The films resulting from these processes have exhibited limited adhesion of the applied metal surface layer to the polymer substrate and have been difficult to accomplish over very large surface areas. In contrast, the metallized polymer fildcoating process developed at NASA LaRC involves a single-stage, self-metallizing protocol. Films resulting from this process exhibit unfailing mechanical adhesion of metal to polymer because of mechanical interlocking at the polymerlmetal interface.
The metallized films are produced from a homogeneous polymer solution containing both a soluble positive-valent metal complex and the desired polymer resin. During thermal curing of the polymer, in situ metal ion reduction also occurs, resulting in a conductive and/or reflective metallic surface layer with additional remaining nanometersized particulates embedded in the bulk of the film. Polymer films containing a variety of metals including silver, gold, palladium, and platinum have been prepared with varying levels of specular reflectivity and surface resistivity. This paper investigates silver, gold, and palladium one-step, self-metallizing films for reflective and emissive properties in the L-band of the spectrum.
In addition to large-scale radio frequency antennas, other potential space applications for metallic films include the following: large-area, lightweight inflatable optics and adaptive optical mirrors [SI, [6] , solar dynamic power generation [7] , [SI, gamma ray imaging telescope systems Previous Measurement Techniques-As explained above, knowledge of the emissivity of reflector materials is crucial to radiometric sensor design. Because the metal component of an experimental, thin, metallized membrane is less than a skin depth and because the molecular construction is different from that of the bulk metal, the electrical properties of a thin membrane are different from those of the bulk metal and must be measured. The techniques that have been developed at LaRC for this purpose use two approaches to the measurement of emissivity. The first approach is to measure the emissivity directly using a radiometer-based system. The second is to use a vector network analyzer (VNA) to measure the material's reflection and transmission coefficients, from which the emissivity can be calculated.
The measurement systems developed in the early 1980's to study emissivities of metallic mesh materials for the LFMR were radiometer-based and provided a direct measurement of the emission from the sample. One of the techniques, the "Sky Bucket", was an open system that measured the radiation fiom the sample against a cold sky background. The drawbacks to this system were the inability to control the physical temperature of the sample and the correction needed for diffraction from the sample fixture.
A closed system was also developed for the LFMR study. This system used a rectangular horn to measure the change in received power as the physical temperature of the sample, which was suspended over a cryoload, was varied. This technique was used again in the metallized thin film study for the Il\E experiment in the 1990's. The system suffered from dependence on accurate knowledge of the physical temperature of the sample, as well as variations in the reflection of the cryoload as the nitrogen evaporated.
Due to the lack of repeatability experienced using the closed system, and due to the disagreement of the results obtained by this system with the results of the VNA-based techniques described below, a new radiometric measurement approach was developed in 2001.
The Materials Emissivity Measurement System (MEMS) corrected several errors that had been present in the earlier systems and greatly improved accuracy and repeatability for direct emissivity measurement for thin, reflective samples [3] . However, the MEMS required operation over several hours at nighttime with a clear sky, making it somewhat inconvenient to perform emissivity measurements using this system. Two VNA techniques were developed for the IAE materials study and were based on indirect evaluation of the emissivity using reflection andor transmission coefficients and the conservation of energy. One, a free-space measurement system, used focused C-band antennas on either side of the sample to measure the transmission coefficient. Since the reflection coefficient was very difficult to measure accurately for highly reflective samples, it was calculated from the transmission coefficient using the fact that the thickness of the sample was much less than a wavelength at the frequencies of interest. Problems with this method included the large working area and large sample size required to perform the measurements at lower frequencies.
The second VNA-based measurement system was based on WR-650 L-band waveguide measurements of a sample mounted on a thin waveguide flange. Repeatability problems occurred with this setup due to inconsistent sample mounting and movement of measurement fixtures during calibration and measurement. Both of the VNA systems were described in detail by Cravey, B l u e , et al. [17] , who also gave the results of the materials study using both the VNA-based techniques and the radiometric technique described above.
Due to the various drawbacks of each of the measurement systems described above, a more accurate, repeatable, quick, and convenient technique was desired for measuring thin, highly reflective materials. This led to the development of the measurement technique described in this paper, which uses elements of the earlier VNA-based techniques and gives results of the same or better quality compared to the MEMS, without the inconvenience associated with that technique.
EXPERIMENTAL METEIOD
The following section is divided into the methods for chemically synthesizing the metallized polymers, for characterizing their physical properties and appearance, and for measuring their electromagnetic properties.
Metallized Polymer Fabrication
Materials- Table 1 lists the aromatic dianhydrides and diamines used in the preparation of polyimides for this work.
The (PdCl,) in an excess of dimethyl sulfide S(CH& and evaporating the product to dryness. The product was then recrystallized fiom ethanol and dried under vacuum at 60 "C for 2 to 3 hours. AgTFA was synthesized by dissolving silver (I) acetate into an excess of 1,1,1-trifluoro-2,4-pentadionate (TFAH) using a method analogous to the one reported by Wenzel and Sievers [18] . A list of the metal dopants and polyimide resins used in this study is presented in Table 1 .
Preparation of Polyimide Films-The polymers used in this study were BTDA/4,4'-ODA, BTDA/4-BDAF, and GFDN4-BDAF (LaRC-CPlm). The reaction route for the preparation of a polyamic acid, BTDA/4,4'-ODA, and a polyimide film is presented in Figure 1 
Physical Characterization
Monomer and metal additive melting points (onset) were determined by differential scanning colorimetry (DSC) at a heating rate of 20 "C/min on a TA Instruments DSC 2920 Modulated DSC. Inherent viscosities of the polyamic acid resins were determined prior to use, as an indicator of polymer molecular weight. The inherent viscosities of the polyamic acid resins were obtained at a concentration of 0.5% (w/w) in DMAc at 35 "C. A minimum inherent viscosity of 1.0 dL/g at 35 "C was required for all polyamic acid resins to be considered for use in this study. Polymer melting points and polymer decomposition points were determined on a TA Instruments thennomechanical analyzer (TMA), Model 2940, and thermogravimetric analyzer (TGA), Model 2950, respectively.
Transmission electron microscopy ( E M ) was performed at Auburn University's Research Instrumentation Facility, Auburn, AL on a Philips CM-20T transmission electron microscope operating at 200 keV. Scanning electron microscopy (SEM) was performed in the Microelectronics and Sensor Development Section at NASA Langley Research Center on an Amray scanning electron microscope, Model 1700. The total film thicknesses were determined using a TMI Precision Micrometer, and the thicknesses of the metal layers alone were estimated from the TEMs.
Electromagnetic Characterization
An H p 85 10 Vector Network Analyzer was used to measure the scattering parameters of the metallized membranes. These parameters included S11, the forward reflection coefficient; S2 1, the forward transmission coefficient; S22, the reverse reflection coefficient; and S12, the reverse transmission coefficient. From these quantities the power coefficients reflectivity, transmissivity, and emissivity (R, T, and E) were calculated.
Sample Preparation-The thin film samples were cut and adhered to titanium frames using double-sided tape of thickness 4.1 mil. Enough bare metal was left around the edges of the frames to allow good conductivity from one side of the L-band waveguide through the frame to the other side of the waveguide. Figure 2 shows a photograph of a prepared gold film sample. The frame was then bolted into the L-band test fixture for the two-port measurement; once in place, the film completely filled the waveguide opening.
L-Band Test Fixture-A test fixture positioner was custommade to position the waveguide apparatus, allowing the waveguide to be opened and closed many times in a highly repeatable manner. The test fixture and positioner are shown in Figure 3 . The port 1 side of the waveguide, along with its attached cable, was fvred in place. The port 2 side of the waveguide was alIowed, by means of an X-Y slide, to I open and accommodate a sample and then close in precisely the same place where it had been during the calibration 5 sequence. The cable attached to the movable side of the waveguide was disturbed as little as possible, as it was noted that cable movements could produce measurable differences in the results. The test fixture positioner greatly facilitated the repeatability of results over the period of days when a particular sample was measured. Calibration-A Thru-Reflect-Line (TRL) 2-Port VNA calibration was performed at the beginning of each day's tests to correct for systematic measurement errors. This method is particularly good for very highly reflective samples, which it was hoped that the metallized polymers would be. During the calibration sequence, the empty waveguide test fixture served as the "thru" device. The "reflect" device was a flat aluminum plate providing a complete short and defining the reference plane. The "line" device was a short waveguide section of known length. Also measured were fixed loads, which acted as absorbers, to test the isolation of the two ports. The VNA made corrections to all subsequently measured data based on the measured and known values for the calibration devices.
The Full 2-Port calibration method, another method tried previously, had allowed more uncertainty due to residual source match error when used in conjunction with highly reflective samples. In comparison, the TRL method characterized the source mismatch error more accurately, substantially reducing the residual source match error after error correcting had been applied. The result was much smoother, less biased, corrected S11 and S22 versus frequency curves. Even with error correcting applied, it was observed that often the forward and reverse measurements would be slightly biased (-0.001 db) in opposite directions; therefore it was useful to average. forward and reverse measurements taken together. This was allowable because, at L-band, the metallized films exhibited the same electromagnetic properties on both sides. Sample Measurements-Data were recorded at each of 401 frequencies 'from 1.12 to 1.7 GHz using 128-point averaging, while the source power was held constant at 10 dBm. The S-parameters S11, S21,. S22, and S12 were measured. Generally, each sample was measured three times on each of two or three days.
Calculations--The power coefficients were calculated in the forward direction as
R=IS11I2
(1)
The power coefficients were calculated in the reverse direction as
In order to report mid-band values for results were curve fitted and calculated at each sample, the 1.414 GHz.
For very highly reflective3, slightly transmissive samples, the measured S21 (S12) was much less noisy than the measured S11 (S22); in these cases S11 (S22) was calculated fiom the complex measured S21 (S12). The Also, fcutoE = 908 MHZ, the intrinsic impedance qkr = 377 Q, and S21 is the measured value. Substituting Y and YO back into (7), one may solve for S1 1. S22, the reverse direction reflection coefficient, is calculated in an analogous manner. S11 and S22 thus calculated provided much smoother reflectivity versus fiequency and emissivity versus fiequency curves than the reflection coefficients directly calculated fiom the measured S11 and S22.
RESULTS

Physical Properties
Seven 12" x 12" films were prepared for this study: two silver and two palladium-doped films in BTDA/4,4'0DA, two gold-doped films in BTDA/4,4-BDAF and one golddoped LaRC-CPlTM film. All films were fingernail creasable, flexible, and visibly reflective with the exception of one silver film that was hazy in appearance. The glass transition (Tg) temperatures of the silver films were similar to neat BTDA/4,4'-ODA films (Table 2) ; however, the polymer decomposition temperatures (TGA) at 10 % weight loss were significantly depressed, showing the effect of the metal on the base polymer. The palladium-doped films had significant Tg and TGA depression, typical of palladium systems due to the highly catalytic nature of palladium. For the gold-doped BTDN4-BDAF films, the Tg was slightly higher, while the TGA at 10 % weight loss was also depressed. Finally, for the gold-doped LaRC-CPITM films, both the Tg and TGA were slightly depressed.
Mcrometer measurements found the total film average thicknesses to lie between 13.9 and 32.5 pm. Of these total thicknesses, the metal layers comprised between 0.07 and 0.53 'YO. The total film weights varied fiom 0.031 to 0.044 kg/m2. These results are shown in the summary Table 2 .
TEM's, SEMs, and Electromagnetic Properties
For four films including the mirror-like AgTFA:BTDNODA film, the hazy AgTFA:BTDA/ODA film, one Pd:BTDA/ODA film, and one Au:BTDA/4-BDAF film, example TEM, SEM, S11, S21, reflectivity, and emissivity results have been grouped so that figures for the same metal appear on the same page following. A TEM and an SEM of the Au:CPl film are also shown in Figure 16 . Transmission and scanning electron microscopy of the films (Figures 4, 7 , 10, 13, and 16) show the cross section and topography of the metallic layer; in addition, the TEM's show the distribution of the nanosized metal particles within the polymer matrix. 
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Silver Film, Hazy Finish Figures 5, 8 , 11, and 14; the reverse parameters not shown, S22 and S12, look like the forward parameters for each material. Reflectivity, transmissivity, and emissivity coefficients are shown in Figures 6, 9 , 12, and 15; Table 3 gives a summary of the power coefficients calculated for all seven samples at 1.414 GHz.
These results represent the average of 18 measurements for the Pd films and 12 for the others. Davisson and Weeks [19] observed that the hemispherical emissivity, an average quantity integrated over all incidence angles, was about 1.2 times the emissivity for normal incidence. Therefore, the emissivity figures derived fiom Lband VNA measurements, where the incidence angle is 50°, should be conservative, or higher than the normal emissivity.
Silver-The mirror-like silver film shows a thin, but continuous, layer of fine metal particles (Figure 4) . Figures   5 and 6 show the film to be 0.9957 reflective with an emissivity of 0.0042. The hazy film has a large-grained, discontinuous layer in both the TEM and the SEM ( Figure  7) . Figures 8 and 9 show that film to be almost completely transmissive.
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Pulladium-For the palladium films, the TEM shows a thick, continuous metal layer (Figure loa) , whereas the SEM reveals surface fissures (Figure lob) . Previous research has shown continuity between the surface palladium particles, since this layer was highly conductive [20] . As demonstrated by Figures 11 and 12 , the Pd films are less reflective and more emissive than the silver films, with reflectivities of 0.8948 and 0.8837 and emissivities of 0.1023 and 0.1127.
Gold-The TEM of the Au:BTDA/4-BDAF film ( Figure  13) shows very large, molar-like particles at the surface and large geometric particles embedded within the polyimide matrix. The large surface particles are evident on the SEM, as well as some very large geometric conglomerates that appear to be just below the surface. In addition, there are holes surrounded by particles appearing similar to eruptions. These holes are seen in the Au:LaRC-CPl SEM also (Figure 16 
OBSERVATIONS AND CONCLUSIONS
The AgTFA:BTDA/ODA mirror-like film was most successful as an L-band reflector, with 0.9957 reflectivity and 0.0042 emissivity. These figures are in the useful range for reflector antenna applications such as soil moisture measurements. Surprisingly, the AgTFA:BTDA/ODA film with the hazy finish was almost completely transmissive, although its chemical formulation should have been the same. Apparently, an as yet unexplained anomaly had occurred in its fabrication. The ,Pd:BTDNODA films, though similar in appearance to the Ag films, were less reflective and more emissive, having reflectivity around 0.89 and emissivity around 0.11. Therefore, they will probably not be pursued further as L-band reflectors. The Au:BTDA/4-BDAF and Au:6FDA/4-BDAF films were both completely transmissive at L-band, and discontinuous metallization was observed as in past experiments with gold polymers [21] . All of the films had been reflective to light.
The SEM's and TEM's indicated that the more reflective films were characterized by finer grained, smoother, continuous metal surfaces, as in Figure 4 . The less reflective or nonreflective films were characterized by coarse (Figure lo) , or clumpy, holey metal surfaces ( Figures  7, 13, 16 ). This property of the smoothness of the synthesized metallized polymer was more important than the thickness of the metal in determining its electrical properties; the palladium polymer film was more reflective than the gold polymer, although, in bulk, gold is more reflective.
Quality of the Measurements
In this series of measurements with the VNA, the power coefficients were characterized with a precision (standard deviation) of 0.0006 or better for highly reflective samples. The results were slightly less precise for highly transmissive samples, the standard deviation being as much as 0.001. However, the method had been devised with highly reflective materials in mind. As a check for accuracy, an A1 2024-T6 1/4-in plate and a stainless steel 304 l/S-in plate were measured with the VNA and the resulting emissivities were compared to those calculated fiom the expected Fresnel coefficient of reflection, given the angle of incidence occurring in the waveguide test fixture and the known conductivities of the metals.
The expected emissivity values were 0.0002 for A1 and 0.0008 for stainless steel. The measured emissivity values were 0.0002 f 0.0004 for A1 and 0.0012 f 0.0002 for stainless steel, indicating accuracy within 0.0004 for materials with very low emissivity.
Dependence of Emissivity on Frequency
It was observed that, in all cases where emissivity was measurable, it increased slightly with frequency for a given material (Figures 6b, 12b) . The phenomenon was quantified in 1903 by Planck, who used Maxwell's theory to derive the following expression for the reflectivity of a metal, given the DC volume resistivity p in ohm-cm, wavelength h in cm, and assuming normal incidence [22] , [23] .
The theoretically derived expression (1 1) supported the experimental results of Hagen and Rubens, who had been measuring the optical properties of metals. In 1910 they restated Planck's equation in a series form that made the relationship between emissivity and wavelength very obvious [23] . 
FUTURE WORK
The high reflectivity and low emissivity of the AgTFA film indicate that it should be developed in a space qualified form. More work is required to perfect the synthetic process so that the useful metallized polymers can be produced in a highly repeatable manner. It is of interest to determine the quantitative relationship between thickness of the metal layer and conductivity. The VNA measurement technique gave very good results, but more standards are desirable for accuracy assessment throughout the emissivity range of interest, as well as at the low end. The AF&C Group is involved in the development of thermally stable, electrically tailored polymer films and flexible polyimides with highly reflective surfaces for applications including solar concentrators and mirrors. Their research includes the development of new polymeric materials for advanced aircraft applications and high performance thin films and coatings for improved durability in the space environment, concentrating in the area of self-metallization of thermally stable, electrically tailored, and flexible polymer films with uniformly distributed metal nanopdculates with highly reflective surfaces for solar concentrators, mirrors and antennas or without surface metallization for obtaining passivated nanoparticulates. Ms. Stoakley is the authorlco-author of26 publications and holds 18 U.S. and foreign patents. Ms. Miner is the authorko-author of 11 publications.
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